Abstract-An analysis of the image hybrid dielectric/hightemperature superconductor (HTS) resonator is carried out. A full-wave radial mode-matching method is used to obtain the electromagnetic fields inside the resonator for single TE01 and dual HE11 modes. Measured resonant frequencies and quality factors of these modes are compared with numerical results of the analysis. The resonator power-handling capability is estimated from the field at the surface of the HTS film, assuming a certain value for the critical field of the HTS film.
I. INTRODUCTION
H IGH-POWER performance of high-temperature superconductor (HTS) communication filters is limited by the critical current of HTS films. High current densities due to edge effects in transmission-line-based filters prevent their utilization for high-power applications. Recently, some interest has been put in the new hybrid dielectric/HTS resonator as a possible resonator structure for high-power HTS filters [1] - [3] . This resonator structure provides small size, high quality factor, and good thermal stability, allowing the realization of reduced size hybrid dielectric/HTS dual-mode filters for high-power applications.
Optimal performance of these filters requires proper design of the resonators. As a previous step to the design, this work presents the numerical analysis of the hybrid dielectric/HTS resonator. From this analysis, features that are essential to filter performance like resonant frequencies, quality factors, and power-handling capability are calculated. The numerical results are compared with measured data.
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C Many methods have been used in the past to analyze dielectric resonators. In this work a full-wave radial modematching method is used which-for the geometry considered-provides low computational cost with high accuracy.
II. HYBRID DIELECTRIC/HIGH-TEMPERATURE SUPERCONDUCTOR RESONATOR
This resonator structure ( Fig. 1 ) was first proposed in [1] . It consists of a dielectric resonator on top of an HTS thin film. The HTS film behaves as a perfect electric conductor and does not modify the fields of TE /HE modes, since they do not have a tangential electric field on the surface. As argued in [2] , the resonator is equivalent to the symmetric double size HEE resonator in suspended configuration.
There are several advantages of this resonator over a conventional room temperature suspended resonator: size reduction by one half, low losses of dielectric material at cryogenic temperatures, and very good thermal stability. In a normal metallic housing there would be no interest in such a structure because losses in the bottom plate of the cavity would be too high. However, using an HTS film as the cavity bottom plate does not degrade the quality factor and makes the resonator interesting for practical filters. The idea has been successfully implemented in [2] to develop a dual-mode image hybrid dielectric/HTS filter.
III. FULL-WAVE ANALYSIS: RADIAL MODE-MATCHING METHOD
The method of analysis is similar to the one in [4] and [5] . The resonator structure ( ( Fig. 2) . The dielectric constant in each region and layer can be set independently, and the whole volume analyzed is assumed to be enclosed by conducting walls. The extension of this case to a higher number of radial regions or layers is straightforward. In the radial mode-matching method, fields in every radial region are expressed as an infinite series of particular solutions of the wave equation in cylindrical coordinates (1) Azimuthal and axial eigenfunctions are harmonic functions while radial eigenfunctions are Bessel functions. The eigenvalues of each radial region are found by solving a pair of transcendental equations related to the three-layer problem. In the geometry considered ( Fig. 2) , axial behavior is governed by harmonic functions (1) . The radial behavior of the fields, however, is governed by Bessel functions which must be chosen appropriately to avoid singularity in the axis (region A), fulfill boundary conditions on the external walls (region C), or provide continuity between adjacent regions (region B).
After solving for the eigenvalues of TM/TE modes, and the appropriate Bessel functions for every field component are chosen; an expression of the fields in every radial region can be written in the form of an infinite series of simple TM/TE modes.
A system of equations is then found by forcing continuity conditions of the tangential fields between radial regions A and B, and B and C. Then, by following a Galerkin method with appropriate inner products that have orthogonality properties, we can reduce the number of equations and solve for mode expansion coefficients in region B. Mode expansion coefficients in regions A and C are obtained from coefficients in region B. Accuracy in computed fields is determined by the number of modes considered in the series expansion of the fields. The higher the accuracy, the higher the required computational cost. Moreover, there is a compromise between flexibility of the structure and computational cost. The higher the number of radial regions and layers considered, the higher the flexibility. Therefore, there is a compromise that leads to some optimum parameters for the computations. In most cases, 12 modes, three radial regions, and three layers in each radial region provide enough accuracy and flexibility. In fact, in our case, two radial regions with two layers each are enough. The inclusion of an insulating post on top of the dielectric material (which, in practice, is necessary to hold it in place and avoid air gaps between the dielectric and the HTS) can be easily taken into account in the numerical analysis by adding an extra radial region.
IV. FIELD AND CURRENT DISTRIBUTION
The method of analysis computes the field distribution of any resonant mode in the resonator. In Fig. 3 , the fields in a transverse cut of the resonator for both TE and HE modes are plotted. Field intensity is much higher inside the dielectric material. Thus, if resonator design is appropriate, the overall loss of the device is dominated by dielectric losses.
Once the field distribution in the cavity is known, surface current density on the HTS film is calculated from the tangential components of the magnetic field (2) Fig. 4 shows TE and HE current distribution on the HTS thin film. Current of the TE mode is circumferential and, therefore, there is no current flowing from the edge of the HTS film to the enclosure. On the contrary, the HE mode has radial currents, and a good contact is needed between the HTS film and the enclosure. Table I shows a comparison between measured and simulated results. Resonant frequencies were obtained from the analysis in Section III, considering no loss in cavity enclosure, dielectric material, and HTS film. Losses were taken into account later through a perturbational analysis that led to the quality factors.
V. RESONANT FREQUENCY AND UNLOADED
Measurements of the resonator have been performed at 300 and 77 K. Measurements at 77 K were done in liquid nitrogen and using either silver or HTS film in the cavity bottom plate. At 300 K, we used only silver in the bottom plate of the cavity. A surface resistance of 16 is assumed for the HTS film at 2 GHz and 77 K. The dielectric used is ZrSnTiO with a quality factor of 16 10 at 300 K. This material doubles its quality factor when cooled to 77 K [6] . The main loss contribution is due to the dielectric material itself and it highly compromises the overall quality factor of the resonator. The second major loss contribution is the silver-plated enclosure. Losses due to liquid nitrogen can be neglected in the analysis since they are much lower than losses in dielectric material or cavity enclosure. Also, losses in the HTS film can be neglected.
Good agreement is found between theoretical and measured values for TE single mode. For HE dual mode, however, the measured quality factors were lower than the expected values. This discrepancy could be explained by the existence of radial currents in the HE mode. In fact, for the HE mode and for the resonator under study, the maximum current on the HTS film is only ten times higher than the maximum radial current at the edge. In our measurements, there was no contact between the film and the enclosure and this can be an explanation for the low measured values for HE mode.
VI. POWER-HANDLING CAPABILITY
The high nonlinearity of HTS films is a matter of concern in the image hybrid dielectric/HTS resonator [7] . Measurements performed with a hybrid dielectric/HTS filter show that there is a maximum power that can be handled by the filter [8] . Below this power level, filter performance has a limited but measurable decay. On the contrary, this dependence becomes very strong when the input power exceeds this maximum. Therefore, in order to estimate the power-handling capability, it can be assumed that the quality factor of the resonator is power insensitive.
This power-handling capability is associated with a critical current density above which the RF losses of the HTS film rapidly increase above normal metal losses. At the same time, this critical current density can be associated with a critical magnetic field applied to the surface of the film (2).
For a given input power, the energy stored in the resonator can be calculated from a closed expression [3] , [9] . When the resonator is critically coupled, and the following equation can be used: (3) where is the quality factor of the resonator, is the resonant frequency, is the energy stored in the resonator, and is the input power. The scaling is done by noting that the maximum peak value of the magnetic field on the HTS surface is proportional to the energy stored in the resonator, with a proportionality constant which only depends on the mode (4) where is the actual maximum peak value of magnetic field, the value obtained through numerical calculation, and the energy obtained in the numerical analysis. By combining (3) and (4), the maximum magnetic field is calculated for several values of input power (Table II) .
Results indicate that TE mode can sustain higher power levels than HE mode. A value for the critical magnetic field which induces the critical current density in a high-quality YBCO film is found about 1.5 10 A/m in [10] . Assuming this critical field value, the dual-mode HE resonator starts to fail for an input power of 80 W, whereas the single-mode TE resonator can handle up to 560 W. This is in reasonable agreement with measurements performed for the HE mode in [8] .
VII. CONCLUSIONS
The hybrid dielectric/HTS resonator has been analyzed using a full-wave radial mode-matching technique. Agreement has been found between measured and simulated results. The method discussed can be used to compute the field or current distributions and therefore, the resonant frequency and quality factor of the resonator. The current distribution on the HTS film for single TE and dual HE modes has been computed. The existence of radial currents in the HE mode requires a good contact between the housing and the film.
Performance of the dielectric/HTS resonator at 77 K is limited by dielectric material loss. Therefore, optimized materials at cryogenic temperatures, with low loss and high dielectric constant, are needed in order to build competitive resonators and filters.
Finally, the power handling capability of the resonator has been determined. The input power is used to compute the energy stored in the resonator. From this energy value, the maximum peak value of the magnetic field on the surface of the HTS film can be determined as a function of input power. Therefore, if some value of critical field is assumed for the HTS film, the power handling capability of the resonator can be estimated.
